Aim This study makes quantitative global estimates of land suitability for cultivation based on climate and soil constraints. It evaluates further the sensitivity of croplands to any possible changes in climate and atmospheric CO 2 concentrations.
INTRODUCTION
Since the emergence of agriculture almost 10 000 years ago, humans have derived a steady source of food supply from cultivation. Currently, about 12% of the land surface (18 million km 2 , roughly the size of South America) is under some form of cultivation ( Turner et al ., 1993; Ramankutty & Foley, 1998) . However, a large part of the land surface is unsuitable for cultivation, due to limitations in growing season length, precipitation and soil moisture, soil characteristics or topography. Humans have overcome these limitations to some extent, through the use of irrigation and fertilization and terracing of the land surface.
Ultimately, crops are critically dependent on climate. They need an adequate growing season -warm temperatures for a sufficiently long time -for successful completion of all stages in their life cycle: germination, growth, floral initiation, grain filling and maturity. The boreal regions are normally too cold for cultivation, the temperate zones have sufficiently warm periods for many crops, while the tropics have adequately warm temperatures throughout the year (Cramer & Solomon, 1993; Leemans & Solomon, 1993) . Crops are also dependent on an adequate supply of soil moisture. In fact, because the tropics have sufficiently warm temperatures throughout the year, cultivation is determined strongly by the distribution of precipitation (Leemans & Solomon, 1993) . Although irrigation has extended the boundaries of cultivation, several large regions of the world are still lacking cultivation because of the severe lack of water (e.g. the large subtropical deserts of Africa, Asia and Australia).
Soil properties are another major factor in cultivation. Soils with low organic content or acidic or highly alkaline soils are often unsuitable for cultivation. Organic matter greatly enhances, although indirectly, the quality of soils for plant productivity (Brady & Weil, 1996) . Large regions of the tropics and subtropics have adequate temperature and moisture for cultivation. However, the warm temperatures result typically in greater microbial activity in the soil leading to smaller amounts of soil organic matter than in the temperate zones. Soil reaction (acidity, alkalinity or neutrality) influences many soil properties, including movement of air and water, breakdown of soil contaminants, plant nutrient availability and microbial activity (Brady & Weil, 1996) . High rainfall intensity in the tropics and subtropics results in the leaching of base-forming cations, leading to soil acidity, while the opposite happens in low-rainfall regions, leading to alkalinity (Brady & Weil, 1996) .
The relationships between climate and global plant distributions have been recognized for a long time (Holdridge, 1947; Box, 1981; Woodward & Williams, 1987) . Larcher (1983) and Jones (1992) have described the climatic controls on plant physiological processes. In a similar fashion, several studies have tried to establish simple relationships between worldwide cropland distributions, climate and soil conditions. For example, Cramer & Solomon (1993) showed that the cold and dry boundaries of cultivated land could be quite adequately described using an index of growing season length and soil moisture availability to plants. Leemans & Solomon (1993) also examined the climatic limits to 10 major crops. However, both these studies developed a Boolean interpretation of land suitability for cultivation, i.e. each grid cell was considered to be entirely 'suitable for cultivation' or not at all. Also, the effects of soil characteristics were not adequately represented in these early studies.
Recently, there have been several advances that allow us to revisit this problem. With the use of remotely sensed data, consistent, globally gridded land cover classification datasets have been developed to provide an accurate picture of current cropland distributions. Furthermore, new global datasets of soil properties have emerged in recent years. In this study, we combine these new data with global climate data to derive a new assessment of global cropland suitability. Next, we evaluate the sensitivity of cultivable land to changes in temperature, precipitation, and atmospheric CO 2 concentrations. Finally, using four different climate model simulations, we examine the potential changes in cropland suitability due to climate change from increasing greenhouse gas concentrations, including the physiological effects of increasing CO 2 concentrations.
DATASETS
The International Geosphere-Biosphere Program, through its framework activity, Data and Information System (IGBP-DIS), has promoted the development of several global datasets, including a 1-km-resolution land-cover classification dataset (Loveland & Belward, 1997; Loveland et al ., 2000) , and a 5-minute resolution (approximately 10 km on a side) global soil dataset (IGBP-DIS, 1998) . With the availability of these high-resolution datasets, we can now define more accurately and precisely global land characteristics. In this study, we use these datasets to examine the relationships between cultivated land, climate variables and soil characteristics.
A continuous, globally consistent dataset of modern ( c. 1992) croplands was developed recently by Ramankutty & Foley (1998) . This dataset was created by calibrating the satellite-based IGBP-DIS 1-km land-cover classification dataset (Loveland et al ., 2000) against a worldwide collection of agricultural census data. The Ramankutty & Foley dataset was originally developed at a 5-minute by 5-minute latitudelongitude grid resolution, but we have aggregated it to a 0.5-degree resolution for this study. The dataset describes the fraction of each 0.5-degree grid cell occupied by cultivated land, wherein the definition of cultivated land follows that of the Food and Agricultural Organization (1995) .
To derive the climatic limitations to crop growth, we use the newly developed CRU05 climatological dataset of New et al. (1999) . This dataset represents the mean-monthly climate conditions for the 1961-90 period, and is provided in a gridded form with a resolution of 0.5 degrees latitude × longitude. The variables of interest used in this study are monthly temperature, precipitation and potential sunshine hours. To describe the soil limitations to cultivation, we use the recently developed IGBP-DIS (1998) global soil dataset, which contains various soil properties such as soil carbon density, soil nitrogen content, soil pH and soil water holding capacity, at a 5-minute resolution in both latitude and longitude. We further aggregated these data to a 0.5-degree resolution for this study.
MODEL DESCRIPTION
Previous studies have shown that the use of simple indices such as growing degree days ( GDD ) to represent growing season length and the ratio of actual evapotranspiration to potential evapotranspiration ( α ) to represent moisture availability to crops are sufficient to describe the cold and dry boundaries of agricultural land (Cramer & Solomon, 1993) . In this study, we adopt these same indices as indicators of land suitability for cultivation, and estimate their spatial patterns using a very simple surface energy and water balance model (Prentice et al. , 1993; Foley, 1994; . The model is driven using the observed monthly mean climate data (surface air temperature, precipitation, and potential sunshine hours) of New et al. (1999) . The monthly mean values are linearly interpolated to obtain daily mean values to drive the model. The model runs on a daily time step, except for the evapotranspiration calculations that run on a quasi-hourly time step (i.e. solar radiation, a component of evaporative demand is calculated on an hourly time step although the supply term is calculated daily).
GDD is calculated simply as an annual sum of daily mean temperatures over a base temperature of 5 ° C, i.e.
(1)
Net absorbed solar radiation, SW net , is calculated as
where S 0 is the solar constant (1370 W/m 2 ), a is the average land surface albedo (0.17), c and d are constants (0.25 and 0.50, respectively), n is the fractional potential sunshine hours, and cos ( ξ ) is the cosine of the solar zenith angle. The net upward long-wave radiation, LW net , is calculated as
where b and A are constants (0.2 and 107.0, respectively), and T is the air temperature ( ° C). Equilibrium evapotranspiration ( ET eq ) is a function of net radiation, and is calculated using the Penman equation: (4) where s is the rate of change of saturated water-vapour pressure with respect to temperature, γ is the psychrometer constant (65 Pa/ K) and L is the latent heat of vapourization of water (2.5 × 10 6 J/ kg). SW net is calculated on an hourly time step, while LW net is calculated daily and assumed to be the same through the day.
Potential evapotranspiration ( PET ), or evaporative demand, is calculated following Monteith (1995) as:
where α m = 1.26 is the Priestley-Taylor coefficient (Priestley & Taylor, 1972) , g s is the canopy integrated stomatal conductance and g c is a scaling conductance (chosen to be 0.2 mol /m 2 s − 1 based on Monteith (1995) . For present-day CO 2 concentrations, we estimate g s = 0.8 mol/m 2 s − 1 based on our coupled photosynthesis-stomatal conductance model, which is described later.
The actual supply of water, S , to meet this evaporative demand is simply calculated as: (6) where ET max is the maximum rate of evapotranspiration (1 mm /h), M is the daily soil moisture (mm) and M max is the available water holding capacity (150 mm).
Actual evapotranspiration, ET act , is the minimum of the evaporative demand and supply:
Soil moisture is calculated using a simple bucket model: (8) where P is the daily precipitation (mm /day). If M > M max , it is reset to M max , and the difference becomes runoff.
The availability of water to plants is expressed in terms of the moisture index:
In this study, we ran the model for 2 years to allow the soil moisture to come to equilibrium and used results from the second year. Figure 1 shows our simulated GDD and α .
INDEX OF LAND SUITABILITY FOR CULTIVATION
We develop an index of land suitability for cultivation that represents the probability that a particular grid cell will be cultivated. This index does not account for the productivity of a particular piece of land, but simply whether the characteristics of the land allow for cultivation. The index is continuous -each grid cell has a fractional value. We construct the index by examining existing relationships between croplands, climate indices, and soil characteristics indices.
We assume that land suitability for cultivation is a function of climate and soil properties. Other biophysical factors such as topography and irrigation, and socio-economic factors such as market price, incentive structure, etc. are obviously important for determining whether land will be cultivated. However, at the global scale, we find that climate and soil factors form the major constraints on cultivation, and adequately describe the major patterns of agricultural land as will be shown below. We choose growing degree days calculated on a 5-degree basis ( GDD ), and the ratio of actual ET to potential ET ( α ) as the indicators of climate suitability for cultivation ( S clim ). Soil carbon density ( C soil ) and soil pH ( pH soil ) are chosen as the indicators of soil suitability for cultivation ( S soil ).
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Fig. 1
Top panels: model simulated growing degree days (GDD) and moisture index. GDD is calculated as the annual sum of daily mean temperatures over a threshold of 5
Moisture index is the ratio of actual evapotranspiration to potential evapotranspiration. Bottom panels: soil carbon density and soil pH in the top 30 cm of soil, from the IGBP-
Cropland sensitivity to climate change 381 Global Ecology & Biogeography , 11 , [377] [378] [379] [380] [381] [382] [383] [384] [385] [386] [387] [388] [389] [390] [391] [392] Thus land suitability for cultivation, S , is given by,
where:
and
In this study, we choose the suitability functions, f 1 (GDD), f 2 (α), g 1 (C soil ) and g 2 (pH soil ), empirically, by fitting functions to the existing relationships between cropland areas, GDD, α, C soil , and pH soil . We calculate the probability density function (pdf) of fractional cropland area, A crop , vs. GDD and α (Fig. 2) . Near the low end of GDD and α values, the growing season and moisture limitation to crops is evident. However, in the case of GDD, A crop starts decreasing again after reaching a peak. This is because of two reasons: (1) regions with high GDD are also characterized by warm temperatures and high rainfall (i.e. the tropical areas), where the soil fertility is generally poor due to fast turnover of soil organic matter and rapid leaching of soil nutrients; and (2) these regions are currently occupied by tropical rain forests and were not exploited historically due to the difficulty in accessing them. Thus, we fit the GDD and α limited portions of the pdfs of A crop by assuming a sigmoidal curve, after first normalizing by the value beyond which A crop rapidly diminishes (Fig. 2) . These sigmoidal functions define f 1 (GDD) and f 2 (α), as: (13) and (14) where a = 0.0052, b = 1334, c = 14.705, and d = 0.3295.
The global patterns of soil carbon density and soil pH are shown in Fig. 1 . These values are for the top 30 cm of soil, where crops have most of their roots. A small soil carbon density (a measure of the total organic content of the soil) does not provide sufficient nutrients for the crops, while a very large soil carbon density accumulates in the soil only if it is submerged under water (i.e. in wetlands). In the case of the latter, the soil has to be drained for cultivation, requiring an investment, and furthermore the soil carbon will be oxidized rapidly from a drained soil.
The pdf of A crop vs. C soil (Fig. 2) shows that there is an optimum range of C soil in the range of 4 -8 kg C/m 2 . This lies in the Midwestern U.S. Corn Belt, the wheat-corn belt region of Eurasia, and the cultivated flood plains in India and China (see Fig. 1 ). These soil carbon density values are lower than would be expected of typical cultivated soils, but probably arise because the IGBP-DIS soil dataset represents the average value of a 0.5-degree resolution grid cell. However, as our relationships are empirically derived, we are not affected by this bias. We fit a double sigmoidal function to the relationship between A crop and C soil , and normalize the function to have a maximum value of 1.0 (lower panel of Fig. 2 ). This function is given by: (15) where a = 3.9157, b = 1.3766, c = 3.468, d = −0.0791, and e = −27.33.
Soil reaction (expressed as soil pH) influences suitability of land for cultivation because it influences nutrient availability. At pH < 5, eight of 13 essential nutrients become unavailable, and furthermore Al becomes more available and is highly toxic to plants. At pH > 8.5, nine of 13 essential nutrients become unavailable to plants (Brady & Weil, 1996) . As a whole, a pH range of 6-7 seems to promote the best availability of nutrients to the majority of crops, although certain crops are adapted to more acidic or alkaline conditions. (We should note that there is considerable interest currently in genetically manipulating crops to make them capable of tolerating extreme levels of acidity or alkalinity.)
The pdf of A crop vs. pH soil (Fig. 3) shows that acidic soils have low cropland extent, and that there are very few samples of cropland area in alkaline soils. We choose a function with an optimum range of 6.5 -8 based on that discussed in the foregoing paragraph (bottom panel of Fig. 3 ). We choose a linear fit through the portion of the A crop -pH soil relationship where A crop is limited by acidity. However, Fig. 3 shows high cropland extent in alkaline soils, which is an artefact of the very few points actually sampled in alkaline soils. We choose a function that decreases linearly beyond a pH soil of 8.0 to attain a value of zero at pH soil = 8.5. Thus we have: (16) It is true that soils can normally be fertilized or treated to account for deficiencies in soil organic content or pH. However, such a treatment requires an investment and thus the suitability of this land is necessarily lower than land that requires no treatment. For example, the humid tropical soils of the Amazon or Congo river basin, dominated by Oxisols or Ultisols, are highly leached acidic soils low in nutrients. These soils could be managed for cultivation by applying lime and fertilizers, but this would be costly because these regions are far from sources of either lime or fertilizers.
From Fig. 4 , we see that our estimate of S clim captures the dry and cold boundaries of agriculture very well. Also, our estimate of S soil shows clearly the highly fertile organic matter rich (chernozem) grassland soils (Mollisols) of the Midwestern United States, Ukraine, and the Pampas of Argentina. Our estimated index of land suitability for cultivation compares very well to our map of cropland area in 1992 (bottom panels of Fig. 4) . Overall, the suitability index shows higher values than the current cropland map, which is realistic because many regions of the world with cultivation potential still remain uncultivated (Brady & Weil, 1996) . Furthermore, in several regions of the world, alternative land use practices such as grazing /ranching or forestry are in competition with croplands for the same piece of land. Nevertheless, our suitability map represents the intensely cultivated regions such as the Corn Belt of the United States, the wheat-corn belt in the Former Soviet Union, and wheat-and-rice growing regions of China.
The largest area of remaining land with potential for cultivation is in South America and Africa. Much of this land is in forests or protected areas (Alexandratos, 1995) . In South America, within the Amazon basin, this potential is currently being realized with the clearing of pristine tropical forests for pastures and croplands (Skole & Tucker, 1993; Moran et al., 1994; Carvalho et al., 2001) . However, these tropical soils will not remain suitable for cultivation once the forest cover is removed. Tropical soils have low soil organic matter due to the rapid decomposition in warmer temperatures. Furthermore, the high rainfall rate leaches most of the valuable nutrients from the soil. The tropical forests are very successful at recycling nutrients. However, when the forest cover is removed and replaced with crops, the natural recycling of nutrients is lost (because crops are harvested and little organic matter reenters the soil), and the small quantities of organic matter and nutrients in the soil are quickly depleted (Brady & Weil, 1996) .
The suitability map also shows greater potential for cultivation in Mexico and Central America, Argentina, north-east . ,
China, South-east Asia and tropical Australia. The forests in South-east Asia are also being cleared currently and put to agricultural uses (Kummer & Turner, 1994) . The suitability index underestimates the probability of cultivation in the Ganges flood plain, probably because this region has a long history of cultivation and is heavily irrigated (Döll & Siebert, 1999) .
SENSITIVITY OF CROPLAND SUITABILITY TO CLIMATE CHANGE AND CHANGES IN ATMOSPHERIC CARBON DIOXIDE CONCENTRATION
There have been several previous studies evaluating the potential consequences of global climate change for food security (Rosenzweig & Parry, 1994; Parry et al., 1999) . These studies used point-level simulations of crop yields in several different parts of the world to examine how changes in climate might affect crop yields. Although these studies were valuable, they did not examine the potential shifts in locations of global agricultural land itself. Here, we examine the response of global cropland distribution to any change in climate, not just a particular global warming scenario. In particular, we test the sensitivity of the suitability index to changes in temperature and precipitation. This will allow us to identify which regions of the world are most sensitive to any potential changes in climate. Furthermore, we also evaluate the sensitivity of the suitability index to changes in atmospheric CO 2 concentration through its influence on stomatal physiology.
Sensitivity to climate change
We calculate the partial derivative of cropland suitability, S, with respect to temperature and precipitation as follows: Fig. 3 The probability density functions (pdf) of cropland area vs. soil carbon density (C soil ) and soil pH (pH soil ) (top panels). Soil carbon density is closely associated with soil fertility for crops, and low values limit cultivation. High values of soil carbon density also limit cultivation because they are normally associated with wet soils that need to be drained before they can be cultivated. Soil pH limitations on cultivation are based on soils being too acidic or alkaline for cultivation. A double sigmoidal curve has been fitted to the cropland-soil carbon density relationship, and a combination of lines has been fitted to the cropland-pH relationship (lower panels).
We assume that S soil is insensitive to changes in temperature and precipitation because the soil development process is slow. (This assumption might not be valid in some places where organic matter could build up relatively quickly. However this needs to be examined in detail in the future using a model of soil carbon dynamics.) We have:
and (18) where T = local temperature and P = local precipitation. This can be expanded further as:
and (20) From eqns 13 and 14, we have: , and . These additional terms cannot be calculated analytically. Thus, we estimate these terms by calculating their local derivative by perturbation experiments. We rerun the model described above by perturbing daily temperatures by +2.5 °C and −2.5 °C, and daily precipitation by +0.25 mm /day and −0.25 mm /day. These changes are roughly of the order of magnitude expected from a doubling of CO 2 concentrations (Houghton et al., 1995) . Let us denote the growing degree day values derived from the positive and negative temperature perturbation experiments as GDD T+ and GDD T-, respectively, and the moisture index values as α T+ and α T-, respectively. The moisture index values from the positive and negative precipitation perturbation experiments Fig. 4 Top panels: the climatic and soil quality limits to cultivation. The climatic limit is calculated by applying the GDD and moisture functions (Fig. 3) to their respective spatial data (Fig. 1) . The soil quality limit is calculated by applying the soil carbon density and soil pH functions (Fig. 2) to their respective spatial data (Fig. 1) . Bottom left panel: overall index of land suitability for cultivation derived as a product of the climate and soil quality limits to cultivation. Bottom right panel: the distribution of croplands in 1992, derived from Ramankutty & Foley (1998) . are denoted by α P+ and α P-, respectively. Thus the local sensitivities of GDD and α to perturbations in temperature and precipitation can be calculated as:
and (25) Figure 5 shows the sensitivity of the index of land suitability to changes in temperature and precipitation. In general, the suitability index shows the greatest sensitivity to change in those regions that are at the margins of cultivation. Indeed, the greatest sensitivities do occur in those regions where the slopes of the curves in Fig. 2 are highest, i.e. around a GDD of 1334, and α of 0.33. Too high or too low values of GDD and α will yield low sensitivities. High sensitivity to temperature is found in the southern provinces of Canada, the northwestern and north-central states of the United States, northern Europe, southern Former Soviet Union, and the Manchurian plains of China. These regions lie at the margins of growing season limitation to cultivation (Figs 1 and 4) . ∂S/∂T also has small negative values over large regions of the world that lie at the margins of moisture limitation to cultivation ( Figs 1, 4 and 5) . This is because of the increased evapotranspirational demand with increased temperatures.
The suitability index is very sensitive to changes in precipitation in the Great Plains region of the United States, and in north-eastern China. These are the regions that currently have agriculturally productive soils and sufficient growing season length, but are at the margins of moisture limitation for cultivation (Figs 1, 4 and eastern borders of the Kalahari Desert, northern Kazakhstan, and northern and eastern Australia also show some sensitivity to precipitation.
Sensitivity to changes in atmospheric carbon dioxide concentrations
We calculate the partial derivative of cropland suitability, S, with respect to atmospheric carbon dioxide concentration, C, as follows: (26) This can be expanded further as: (27) where is given by eqn 22. All terms in eqn 27 are defined, except for . From eqns 7 and 9, we have:
This can be written as: (29) Thus, we have:
From eqn 5, we have:
All the terms in eqns 30 and 31 are known, except for .
This last term represents the sensitivity of the canopyintegrated stomatal conductance to changes in atmospheric CO 2 concentration. To estimate this term, we run a coupled model of canopy photosynthesis and stomatal conductance. The leaf-level models for both C3 and C4 plants are based on the work of Collatz et al. (1991 Collatz et al. ( , 1992 , and our implementation is described in Foley et al. (1996) and Kucharik et al. (2000) . We scale the leaf-level values to the canopy level as a function of light extinction through the canopy, as described by Kucharik et al. (2000) . Figure 6 (top panel) shows the simulation of canopy-integrated stomatal conductance as a function of ambient CO 2 concentration. For both C3 and C4 plants, the simulated canopy conductance decreases with increasing CO 2 as would be expected -plants close their stomata to conserve water because the increased gradient of CO 2 between the atmosphere and the intercellular air space allows them to achieve the same photosynthesis with a lower stomatal conductance. We average the results for C3 and C4 plants, fit a straight line to it between the average CO 2 concentration over the 1961-90 period (representative of the climate data) and 1000 p.p.m.v.
(CO 2 concentrations are expected to rise in the future). The slope of the linear fit gives us an estimate of . Figure 6 shows the sensitivity of the index of land suitability to changes in atmospheric CO 2 concentration. The patterns of CO 2 sensitivity are similar to the patterns of precipitation sensitivity. This is reasonable because increased CO 2 makes more water available to plants due to stomatal closure, which is similar to increasing the precipitation. Thus, the regions of the world that are at the margins of precipitation are most sensitive to changes in ambient CO 2 concentrations. However, the magnitude of the change, even for a 100 p.p.m.v. change in CO 2 concentration used in this calculation, is very small compared to the sensitivity to changes in climate. This is because the influence of canopy conductance on PET is small until the conductance attains very small values (eqn 5) -as plants shut their stomata in response to increasing CO 2 while experiencing the same radiation regime, there is a switch toward dissipating that energy through evaporation rather than transpiration. Therefore total evapotranspiration remains high, until canopy conductance becomes very low, when PET decreases.
CHANGES IN CROPLAND SUITABILITY SUGGESTED BY GCM-SIMULATED CLIMATE CHANGE
In the earlier section, we explored the sensitivity of cropland suitability to arbitrary changes in temperature, precipitation and ambient CO 2 concentration. However, we performed the calculations by imposing uniform daily temperature or precipitation changes. Actual changes in climate expected from increasing greenhouse gas concentrations or sulphate aerosols are not likely to be uniform either seasonally or spatially. We therefore extend our study further to explore probable changes in suitability that might be expected from climate change due to increasing greenhouse gas concentrations as simulated by several climate models, as well as to anticipated changes in ambient CO 2 concentrations.
Several global climate models (GCMs) have been run in a transient mode using historical greenhouse gas concentrations, and into the future with projected greenhouse gas concentrations (Houghton et al., 1995) . Seven such simulations are
now archived in the IPCC Distributed Data Archive (http:// ipcc-ddc.cru.uea.ac.uk/dkrz/dkrz_index.html). We pick four of the seven simulations for this study based on the criterion that they have run until 2100, using the IS92a 'business as usual' scenario of CO 2 concentrations (Houghton et al., 1995) from 1990 to 2100 (or 1% annual increase of CO 2 , which gives almost the same CO 2 concentrations). The chosen simulations are HADCM2 (from the Hadley Centre for Climate Prediction and Research, U.K.), ECHAM4 (from the Max-Planck-Institut für Meteorologie (MPI) and the Deutsches Klimarechenzentrum (DKRZ), Germany), CGCM (from the Canadian Center for Climate Modelling and Analysis) and CSIRO (from Australia's Commonwealth Scientific and Industrial Research Organization).
From the transient simulations, we retrieve monthly mean temperature and precipitation values, and calculate climatologies over the 1961-90 period and 2070-2099 period. The 1961-90 period represents the control because it covers the same period as the New et al. (1999) climate dataset, which we used to establish our land suitability index. The 2070-2099 climatology represents a changed climate scenario. The climate simulated by the GCMs for the 1961-90 period is reasonably similar to the observed datasets. Nevertheless, we avoid GCM biases in the present-day simulations by calculating the GCM simulated changes in climate from 1961-90 to 2070 -99 and applying those changes to the observed 1961-90 climate to calculate an estimated climate for 2070 -99. In particular, we calculate monthly mean climate change anomalies . The C3 and C4 response is averaged and a straight line fit to the response is chosen for use in our suitability study. Note that only CO 2 concentrations beyond the present-day value are used because we do not expect CO 2 to decrease in the near future. Bottom panel: the sensitivity of the index of cropland suitability to changes in ambient CO 2 concentrations. This is calculated as the partial derivative of cropland suitability index with respect to CO 2 . The regions lying at the margins of precipitation limitation (Fig. 5, lower panel) are also the ones sensitive to CO 2 . However, the magnitude of CO 2 sensitivity is much lower than that of climate sensitivity.
for each GCM (difference anomalies are calculated for temperature, and proportional anomalies for precipitation). We then interpolate these anomalies from the GCM resolutions to a 0.5-degree resolution in latitude × longitude. We apply these anomalies to the New et al. (1999) climatological temperature and precipitation dataset (additive for temperature and multiplicative for precipitation) to obtain monthly mean temperature and precipitation scenarios for the 2070-99 period as simulated by four GCMs (the resulting precipitation is bound between 0 and 200 mm /month). For the 2070 -99 period, the ambient CO 2 concentration is 710 p.p.m.v., for which our simulated canopy conductance is 0.58 mol /m 2 s −1
. This change in ambient CO 2 concentration will cause only a 3.3% decrease in PET. Of course, a caveat to be mentioned is that we are not including the effects of ambient CO 2 concentration on productivity.
We now rerun our simple water balance model and growing degree day calculations for the changed climate scenarios and modified canopy conductance, and calculate, using eqns 1-16, land suitability for agriculture expected in the 2070 -99 period, due to climate change. We then calculate the average results from the four GCMs, of the change in suitability in 2070-99 compared to our 1961-90 base (Fig. 7) . We average the GCM results only if at least three of the four GCMs agree in the sign of the change; if any two GCMs show a change in suitability in opposite direction from the other two, we assume that there is no change in suitability.
One of the most common responses of GCMs to increasing greenhouse gas concentrations is an enhanced warming of the high latitudes owing to sea-ice feedback. Coupling this climate response to the fact that the Northern Hemisphere high latitude regions are growing season limited results in an overwhelming response of increased suitability in Canada, northern Europe, Siberia, Mongolia, and northern China due to climate change. The mountainous regions of the world, in the Andes, and in the Himalayas, show some increase in suitability owing to an increase in growing season. The high-latitude Southern Hemisphere regions -southern tip of Argentina and Chile, Tasmania, and New Zealand -also show increases in suitability. The rest of the world, especially those regions at the margins of moisture limitation, shows a slight decrease in suitability owing to increased ET demand associated with increased temperatures. Again, we would like to emphasize that this represents only the changes in probability that land will be cultivated, irrespective of the actual changes in yield of land that might result from climate change.
DISCUSSION AND CONCLUSIONS
We have shown that a reasonable global map of land suitability for cultivation can be constructed using a few carefully chosen climate indices and soil parameters. The total global extent of suitable cropland in the current climate is 41 million km 2 . This is roughly 120% larger than the 1992 global cropland area of 18 million km 2 . The greatest potential for croplands in the current climate exists in Tropical Africa (5.6 million km 2 ) and northern South America (4.7 million km 2 ) according to our regional calculations (Fig. 8) . This result is not entirely new; previous studies have also identified these regions as being the cropland reserves (Buringh & Dudal, 1987; Alexandratos, 1995) . Indeed, the tropical forests and woodlands are just beginning to be exploited. The forests in Amazonia are being cleared at a rapid rate for ranching (Skole et al., 1994) . Brazil is the second largest producer of soybeans (Brown, Renner & Halwell, 2000; Sebastian & Wood, 2000) , and it is anticipated that continued paving of highways in Amazonia will continue, justified by savings in transportation costs to soy producers (Carvalho et al., 2001) . However, as discussed earlier, tropical soils will lose fertility rapidly once the forest cover is replaced with a crop, and will require expensive inputs to maintain the soil nutrients and conserve soil organic matter. In fact, Sebastian & Wood (2000) find that the nutrient balance for most crops and cropping systems in Latin America and the Caribbean is significantly negative.
In South Asia, we estimate less suitable cropland than is actually cultivated. Comparison of the maps of suitable and actual cropland area in Fig. 4 shows that this lies mainly in the Ganges flood plain region. This region has a long history of agriculture, and is heavily irrigated (Döll & Siebert, 1999) . In the future, our study needs to be extended to account for the influence of irrigation water availability on cropland suitability.
From our sensitivity analysis, we find that the southern provinces of Canada, north-western and north-central states of the United States, northern Europe, southern former Soviet Union, and the Manchurian plains of China are most sensitive to changes in temperature. The Great Plains region of the United States and north-eastern China are most sensitive to changes in precipitation.
In the GCM-simulated climate of 2070-99, we estimate an increase in suitable cropland area of 6.6 million km 2 (an increase of roughly 16%). Most of this increase comes from the high latitude regions: former Soviet Union (3.4 million km ). The tropical regions (Africa, northern South America, Mexico and Central America, and Oceania) have a small decrease in suitability. Such potential changes in cropland suitability due to climate change will further enhance the food-security divide between the developed countries of the Northern Hemisphere high latitudes and the developing countries of the tropics.
Our index of land suitability for cultivation is simply a measure of the probability that land will be cultivated. It does not quantify exactly the ultimate productivity of the land, which is largely controlled by local management decisions.
Although global climate change due to increasing greenhouse gases might increase the area of land that is cultivable, the actual yield of crops might decrease. Thus, in the future, this estimate needs to be improved by including a measure of crop productivity. Furthermore, the effects of climate change on soil properties need to be accounted for. We could incorporate additional soil properties such as soil nitrogen density and soil texture. The ratio of soil mineral content to soil organic matter could be used to evaluate the rate at which soil organic carbon might be oxidized upon being drained.
A soil with a high percentage of clay mineral content will bind the organic matter to the mineral particles, lowering the oxidation rates.
Currently, our index is derived empirically by examining existing relationships between current cropland area, climate and soil characteristics. These relationships may not remain valid in a different future climate. However, our sensitivity analysis still remains valid, because it is based on analysis of perturbations around the current climate. Future improvements should include more mechanistic representations of Fig. 7 Change in global cropland suitability with climate change. We used the simulations from four different global climate models run with increasing greenhouse gas concentrations ('business as usual' scenario) into the 21st century. Here we analyse the influence on cropland suitability, of simulated climate change in 2070 -99 compared to the 1961 -90 period. Top panel: map of agreement among the GCMs of the direction of change in cropland suitability due to climate change. Bottom panel: average change in suitability estimated by the GCMs, if at least three GCMs agree. The GCMs simulations imply that climate change will cause cropland suitability to increase in the Northern Hemisphere high latitudes and decrease in the tropics. soil characteristics and climate parameters. Also, the loss of land suitability due to soil erosion, accelerated acidification, and salinization could be incorporated. The influences of topography and irrigation need to be included. Finally, the competition between different sectors of the economy, such as forestry, urbanization, etc. for the same piece of land has to be accounted for. For instance, a large area of prime farmland in the United States and China is currently being lost to urbanization (Gardner, 1996; Sorensen et al., 1997; Heilig, 1999) .
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